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ENDOVASCULAR GRAFT AND PROCESS FOR BRIDGING A DEFECT IN A 
MAIN VESSEL NEAR ONE OF MORE BRANCH VESSELS 

Field of the Invention 

The present invention generally relates to endovascular grafts and, more 
particularly, to a graft and process for bridging an abdominal aortic aneurysm disposed 
in the aorta near the renal arteries in which the graft is expanded against a portion of the 
aortic wall above one or both renal arteries. 

Background of the Invention 

Abdominal aortic aneurysms are potentially life threatening defects which 
generally lie in a section of the aorta between the renal arteries and the iliac arteries. In 
some cases, an abdominal aortic aneurysm may extend into either or both of the iliac 
arteries. 

Abdominal aortic aneurysms are commonly treated using surgical techniques. 
Surgical treatment of abdominal aortic aneurysms is however a complicated procedure 
associated with high risk. As an alternative to surgery, a wide variety of grafts 
including, for example, stented grafts or stent-grafts, have been proposed for bridging 
and excluding abdominal aortic aneurysms. The use of these grafts is however limited. 
In most cases, an abdominal aortic aneurysm is either left untreated or is treated 
surgically. Even in cases using a graft, the procedure is sometimes terminated in favor 
of surgical treatment. 
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Summary of the Invention 



The present invention generally provides grafts for bridging a main vessel 
having a defect disposed near one or more branch vessels extending from the main 
vessel. Embodiments of the invention are particularly suited for bridging abdominal 
aortic aneurysms having minimal or no proximal necks, a significant factor limiting the 
use of conventional grafts for bridging abdominal aortic aneurysms. 

One particular embodiment of the invention provides a stent-graft for bridging 
an aneurysm in an aorta disposed below two renal arteries. The stent-graft includes a 
graft material defining two renal apertures each oriented to align with one of the two 
renal arteries when the stent-graft is in an expanded state. The stent-graft further 
includes a stent system for supporting the graft material in a contracted state wherein the 
renal apertures are contracted and the expanded state wherein the renal apertures are 
expanded. The stent system when in the expanded state, is adapted to press against a 
portion of the aortic wall above the first renal artery and against a portion of the aortic 
wail above the second renal artery. Each renal aperture may, for example, have an area 
as large as or larger than the opening of the respective renal artery. 

In accordance with another embodiment of the invention, the graft material 
defines a mesenteric aperture oriented to align with a superior mesenteric artery when 
the stent-graft is in an expanded state. In accordance with yet another embodiment of 
the invention, the stent-graft material fiirther defines a celiac aperture oriented to align 
with a celiac axis artery when the stent-graft is in the expanded state. 

A graft, consistent with another embodiment of the invention, includes a tubular 
member which defines one or more apertures and is adapted for positioning against a 
wall of a main vessel above one or more branch vessels. Each aperture defined by the 
tubular member is alignable with at least one of the one or more branch vessels and has 
an area which is greater than the opening of the respective branch vessel(s) when the 
graft is positioned against the wall of the main vessel. 
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In accordance with another aspect of the invention, a process of bridging a 
defect disposed in a main vessel near one or more branch vessels is provided. 
Consistent with the process, a graft which defines one or more apertures is inserted in a 
contracted state within the main vessel. The graft is aligned within the main vessel such 
that each aperture aligns with at least a respective one of the branch vessels and 
expanded into a expanded state wherein the one or more apertures align with the one or 
more branch vessel and the graft presses against the main vessel wall. The process can, 
for example, be used to bridge an abdominal aortic aneurysm disposed in an aorta near 
the renal arteries. 

In accordance with another aspect of the invention, a process for manufacturing 
a customized graft for bridging a defect disposed in a main vessel near one or more 
branch vessels is provided. The process includes developing a three dimensional image 
of an interior of the main vessel including the one or more branch vessels. Using the 
three dimensional image, a customized graft is formed having one or more apertures 
configured to align with the one or more branch vessels when the graft is positioned 
against the wall of the main vessel. 

The above simmiary of the present invention is not intended to describe each 
illustrated embodiment or every implementation of the present invention. The figures 
and the detailed description which follow more particularly exemplify these 
embodiments. 

Brief Description of the Drawings 

The invention may be more completely imderstood in consideration of the 
following detailed description of various embodiments of the invention in connection 
with the accompanying drawings, in which: 

Figure 1 illustrates a vascular section having an abdominal aortic aneurysm; 



Figures 2A-2C illustrate an exemplary graft in accordance with one embodiment 
of the invention; 

Figures 3A-3C illustrate an exemplary graft in accordance with another 
embodiment of the invention; 

Figures 4A-4C illustrate an exemplary graft in accordance with another 
embodiment of the invention; 

Figure 5 illustrates an exemplary graft in accordance with yet another 
embodiment of the invention; 

Figure 6 illustrates an exemplary graft in accordance with still another 
embodiment of the invention; 

Figures 7A-7D illustrate an exemplary process for deploying a graft in 
accordance with one embodiment of the invention; 

Figure 8 is a flow chart illustrating an exemplary manufacturing process in 
accordance with an embodiment of the invention; and 

Figure 9 illustrates a typical temperature vs. transformation curve for a shape 
memory alloy. 

While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that the intention is not to limit 
the invention to the particular embodiments described. On the contrary, the intention is 
to cover all modifications, equivalents, and altematives falling within the spirit and 
scope of the invention as defined by the appended claims. 

Detailed Description of the Drawings 

The present invention generally relates to endovascular grafts used for bridging a 
defect in a main vessel near one or more branch vessels. The invention is particularly 



suited for bridging and excluding abdominal aortic aneurysms located near the renal 
arteries. While the present invention is not so limited, an appreciation of various 
aspects of the invention will be gained through a discussion of the examples provided 
belov^. 

The invention provides a graft for bridging a defect disposed in a main vessel 
near one or more branch vessels. The graft includes a tubular member which defines 
one or more apertures and is adapted for expansion against a portion of the main vessel 
wall above one or more branch vessels (i.e., against a portion of the main vessel wall 
opposite the defect). Each aperture defined by the end portion is alignable with at least 
one of the one or more branch vessels and typically has an area which is as large as or 
larger than the orifice of the respective branch vessel(s) when the tubular member is 
expanded against the inner wall of the main vessel. By way of example, in the 
discussion below, emphasis will be placed on grafts for bridging abdominal aortic 
aneurysms. However, the invention is not so limited. Other types of defects (e.g., 
pseudo-aneurysms and post-traumatic fistulas) which are located at the intersection of 
other body vessels (e.g., iliac bifiircation) are intended to be covered by the invention. 
Moreover, while the exemplary embodiments below illustrate the use of stented grafts, 
the invention is not limited thereto. 

Figure 1 illustrates a front view of a exemplary vascular section 100 having a 
typical abdominal aortic aneurysm 102. The vascular section 100 includes an aorta 104 
which bifiircates into two iliac arteries 106, a superior mesenteric artery 108, a celiac 
axis artery 110, and right and left renal arteries 1 12a and 1 12b, each of which branch off 
from the aorta 104. The renal arteries 1 12a and 1 12b may lie at the same or different 
levels and may be single or multiple in number. In the illustrated vascular section 100, 
the right renal artery 1 12a is shown below the left renal artery 1 12b. A more detailed 
discussion of the location of renal artery origins can be found in Verschuyl et al., "Renal 
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Artery Origins: Location and Distribution in the Transverse Plane at CT," Radiology 
1997, Vol 203, pp. 71-75, April 1997. 

The abdominal aortic aneurysm 102 generally lies in a section of the aorta 104 
below the right and left renal arteries 1 12a and 1 12b and above the iliac arteries 106. In 
some cases, the aneurysm 102 may extend into either or both of the iliac arteries 106. 
As is typical of many abdominal aortic aneurysms, the illustrated aneurysm 102 has no 
proximal neck (e.g., the aneurysm extends up to and abuts the lower edges 1 14a and 
1 14b of the right and/or left renal arteries 1 12a and 1 12b). 

Conventional grafts used to bridge abdominal aortic aneurysms typically have a 
proximal end designed for positioning against a proximal neck, i.e., a patent portion of 
the aortic wall below the renal arteries 1 12a and 1 12b. Typically, necks greater than 10 
millimeters (mm) are needed to reliably secure a conventional graft. With, necks less 
than 5 mm conventional grafts typically cannot be reliably secured. One conventional: 
graft which attempts to address the problems associated with minimal proximal necks 
includes a webbed end which may be positioned slightly over the lower edge 1 14a of 
the right renal artery 1 12a. This graft however still requires some neck in order to 
adequately seal the proximal end of the graft and sufficiently retain the graft within the 
aorta. Moreover, the webbed end can partially obstruct flow through the lower renal 
artery 1 12a. The present invention overcomes the limitations of conventional grafts and 
provides an endovascular graft and process for bridging abdominal aortic aneurysms 
having minimal (e.g., less than 5 or 10 mm) or no proximal necks. 

Figures 2A-2C illustrate an exemplary stent-graft for bridging an abdominal 
aortic aneurysm in accordance with an embodiment of the invention. By way of 
example and not of limitation, reference will be made to the exemplary vascular section 
100 discussed above to facilitate understanding of the stent-graft 200. As shown in 
Figure 2A, the stent-graft 200 includes a main body 202 which bifurcates into a leg 204 
and a stem 206, the latter of which is used to attach a mating leg 208 to the main body 



202. The main body 202 of the stent-graft 200 is advantageously adapted for supra- 
renal fixation. In particular, the main body 202 is configured to expand against portions 
1 16 and 1 18 of the aortic wall 115 above the renal arteries 11 2a and 1 12b. The term 
above is used herein to describe a vessel wall portion on a side of a branch vessel 
opposite the side of the branch vessel where a defect lies. 

The main body 202 of the stent-graft 200 includes a graft material 210 and a 
stent system 214 (shown in dashed lines) which supports the graft material 210. The 
stent system 214 typically has an expanded state for securing the main body 202 within 
the aorta 104 and is deformable into a contracted state for insertion through the vascular 
system of a patient. In its expanded state, the stent system 214 typically exerts 
sufficient force against the aortic wall to retain the main body 202 in place and form a 
blood-tight seal between the main body 202 and the aortic wall. The main body 202 is 
shown with the stent system 214 in the expanded state. In its contracted state, the stent 
system 214 (and main body 202) may take a variety of different forms. In its expanded 
state, the main body 202 is configured to expand against portions 1 16 and 1 18 of the 
aortic wall 1 15 above the renal arteries 1 12a and 1 12b. 

The graft material 210 is typically distensible such that the graft material 210 
can adapt to the stent system 214 when the main body 202 is contracted and expanded. 
The graft material 210 may be formed from a number of different well-knovra materials, 
such as Dacron™, Gortex'^^, polyethylene or polyurethane, for example. The graft 
material 210 may be secured to the stent system 214 using, for example, well-known 
stitching, gluing or weaving techniques. While the invention is not so limited, the stent 
system may be disposed on the exterior or interior of the graft material 210, or within 
the graft material 210 itself. 

The graft material 210 generally defines two renal apertures 212a and 212b each 
of which are alignable with a respective one of the renal arteries 1 12a and 1 12b when 
the main body 202 is expanded against the aortic wall. The shapes, sizes and relative 



orientation of the renal apertures 212a and 212b can vary as will be discussed below. 
The renal apertures 212a and 212b are each typically supported by a surrounding 
portion 218 of the stent system 214. The surrounding portions 218 of the stent system 
214 may be shaped similar to and completely surroimd the perimeters of the renal 
apertures 212a and 212b. The renal apertures 212a and 212b may be supported by the 
surrounding portions 218 of the stent system 214 by, for example, stitching portions of 
the graft material 210 around the apertures 212a and 212b to the surrounding stent 
portions. By supporting the perimeter of each aperture with the stent system 214, a tight 
seal can be formed between the graft material 210 and the aortic wall 115 around the 
renal artery orifices and leakage can be prevented.. While the invention is not so limited, 
the exemplary stent system 214 is formed of a wire (e.g., nitinol) mesh in a honeycomb 
pattern having a number of interconnected wire loops, two of the which form 
surrounding portions 218 and align with the renal apertures 212a and 212b in the graft 
material 210. The proximal end 220 of the stent system 214 generally seals the main 
body 202 against the aortic wall 115, and may, for example, include a wire portion 222 
interconnecting loops of stent system 214. 

The stent system 214 may be formed of a number of different materials 
including, for example, metals and/or metal alloys. In one embodiment, the stent 
system 214 is formed from a shape-memory alloy (SMA), such as nitinol. Shape- 
memory alloys have the ability to transform from a martensite phase shape (in which the 
stent system 214 may be deformed to a contracted state) to a parent or austenite phase 
(typically corresponding to the expanded state of the stent system 214). An SMA may 
exhibit either one-way or two-way shape memory. With two-way shape memory, the 
SMA changes shape upon both heating and cooling. With one-way shape memory, the 
SMA undergoes shape change only upon heating. Upon cooling, the shape of the SMA 
does not spontaneously change, but may be changed by force. 





Turning to Figure 9, there is illustrated a typical transformation vs. temperature 
curve for an SMA specimen. The curve 900 typically includes a heating curve 910, on 
which the SMA specimen generally undergoes transformation from a martensite phase 
912 to an austenite phase 914, and a cooling curve 930 on which the phase change is 
5 reversed. While the phase transformations take place over a relatively broad 
temperature range, the majority of phase transformation typically occurs over a 
relatively narrow temperature band. The austenite start and finish (AS and AF) 
temperatures generally denote temperatures between which the majority of the 
martensite-to-austenite transformation on the heating curve 910 occurs. The martensite 
1 0 start and finish (MS and MP) temperature denote similar temperatures on the cooling 
curve 930. As can be seen, the transformation curve 900 exhibits hysteris Tj (i.e., an 
offset between the heating and cooling curves 910 and 930). 

In one particular embodiment of the invention, the stent system 214 is formed 
from an SMA, such as nitinol, having a AF temperature of about body temperature or 
3 15 less (typically 37°C or less). This enables the stent system 214 to transform into its 

ry parent or austenite phase (typically corresponding to the expanded state of the stent 

^ system 214) when subject to body temperature. In another embodiment, the stent 

m system 214 is formed from an SMA, such as nitinol, having an AF temperature greater 

than body temperature (e.g., an AF temperature of about 48°C). This enables the stent 
20 system 214 to be partially expanded to an intermediate state when between an AS 

temperature (e.g., 35**C) and the AF temperature and also allows the stent system 214 to 
be fully expanded when heated above the AF temperature. In the latter embodiment, the 
MS temperature of the stent system 214 is typically selected to be below body 
temperature (e.g., about 20°C) to prevent partial matertensite transformation when the 
25 stent system 214 retums to body temperature. In either embodiment, the stent system 
214 may demonstrate one-way or two-way shape change. 



m 



9 

10 



Referring back to Figures 2A-2C, details of the renal apertures 212a and 212b 
will be discussed. As noted above, the renal apertures 212a and 212b are located on the 
main body 202 such that, when expanded, the renal apertures 212a and 212b align with 
the renal artery orifices of a patient. The size of each renal aperture 212a and 212b is 
typically selected to be at least as large as the orifice of its respective renal artery 1 12a 
and 1 12b. The size of each renal aperture 212a and 212b can vary as the sizes of renal 
arteries can vary fi-om patient to patient. Suitable sizes of the renal apertures 212a and 
212b range fi-om about 0.8 to 1 .0 cm or more in diameter for many applications. The 
use of renal apertures 212a and 212b which are larger than the renal artery orifices 
allows for variable position of the renal arteries fi-om patient to patient and by allowing 
some tolerance in the deployment of the main body 202 of the stent-graft 200. 

The shape of the apertures 212a and 212b can also vary and may, for example, 
be rectangular, circular, or ovular. In the example embodiment, each aperture 212a and 
212b is ovular in shape and has a length in the longitudinal direction which is greater 
than a circumferential width. For example, the length may be about 1 .2 to 1 .5 cm and 
the width about 1 .0 to 1 .2 cm. In other embodiments, each aperture 212a and 212b may 
have a length in the longitudinal direction which is less than a circumferential width. 
Moreover, the two renal apertures 212a and 212b may have different shapes and/or 
sizes. For example, one may be oval-shaped and extended in the longitudinal direction, 
while the other may be oval-shaped and extended in the circumferential direction. As 
should be appreciated, stent system 214 can be designed to accommodate various 
shapes of the apertures 212a and 212b. 

The relative orientation of the renal apertures 212a and 212b can vary as well. 
To illustrate exemplary orientations, the angle 9 (shown in Figure 2C) will be used to 
define the angular distance between the centers of the apertures 212a and 212b and the 
distance dj (shown in Figure 2B) will be used to define the distance between the centers 
of the apertures 212a and 212b along the longitudinal axis of the stent-graft 200. 
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Relative orientations having an angle 9 ranging between about 72 to 225 degrees, and 
more typically between about 140 and 185 degrees, and a distance ranging from 
about 0 to 2 cm would be suitable for many applications. 

Highly radiopaque markers may be placed on the main body 202 to facilitate 
5 identification of the main body 202 within the aorta 103. Advantageously, radiopaque 
markers may be positioned near or around each renal aperture 212a and 212b to 
improve visualization and facilitate alignment of the apertures 212a and 212b. This 
may be done by, for example, soldering radiopaque material (e.g., gold or platinum) to 
the portions 218 of the stent system 214 surrounding the apertures 212a and 212b. In 
1 0 addition, a radiopaque, aligning system may also be placed on the stent-graft portion 210 
'% to aid in aligning the main body 202 with a desired plane, such as the anterior-posterior 

or A-P plane. For example, a radiopaque diamond (0) may be placed on one side of the 

= Iff 

y main body 202 and a radiopaque vertical line (|) on the opposite side such that when the 

Hi diamond (0) aligns with the line (|), the stent-graft portion 210 is aligned with the 

^ 1 5 desired plane. A diamond (0) - vertical line (|) aligning system is illustrated in Figure 

ry 2 A. A number of other arrangements, such a pair of parallel lines (||) and a 

^ perpendicular line (-) or an X and an O, may be used as well. 

m As noted above, the main body 202 bifurcates into a leg 204 and a stem 206 

which is used to attach a mating leg 208 to the main body 202. While not shown to 
20 scale, the pair of legs 204 and 208 are typically designed to extend into the iliac arteries 
106 and form a bifurcated distal portion which is often desirable for use with abdominal 
aortic aneurysms which extend into one or both of the iliac arteries 106. Both the leg 
204 and stem 206 may be defined by the stent system 214 and graft material 210. The 
invention is however not so limited. The leg 204 may, for example, include a separate 
25 stent system, such as a simple metal spring interconnected to the stent system 214 by 
connecting bars, if desired. 
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The mating leg 208 typically includes a graft material 224 supported by a stent 
system 226. Similar to the main body 202, the leg 208 includes an expanded state (as 
shown) and may be deformed into a contracted state. The stent system 226 and graft 
material 224 may, for example, be similar to that of the main body discussed above 
(e.g., a graft material supported by a honeycomb-shaped wire mesh). Alternatively, the 
form and/or material of the stent system 226 and graft material 224 can differ from that 
of the main body 202. For example, the stent system 226 may be made from a different 
material including, for example, nitinol which may be contracted to a contracted state 
and which springs to an expanded state without undergoing a phase change. The stem 
206 and mating leg 208 may be configured such that the leg 208 is advanced into the 
stem 206 and expanded within the stem 206 to retain the leg 208 in place. To facilitate 
retention within the stem 206, the proximal end of the leg 208 may be flared. 

Figures 3A-3C illustrate an exemplary stent-graft for bridging an abdominal 
aortic aneurysm in which the stent-graft is adapted to press against portions of the aortic 
wall above the renal and the superior mesenteric artery orifices and typically below the 
celiac axis orifice. The example stent-graft 300 includes a main body 302 which 
biftircates into a leg 304 and a stem 306 used to attach a mating leg 308 to the main 
body 302. The main body 302, in this case, is adapted for supra-superior mesenteric 
fixation and is configured to expand against portions of the aortic wall 115 above the 
superior mesenteric artery 108. 

The main body 302 of the stent-graft 300 includes a graft material 310 and a 
stent system 314 which define two renal apertures 312a and 312b each being alignable 
with a respective one of the renal arteries when the stent-graft 300 is expanded against 
the aortic wall 115 and a mesenteric aperture 314 which is oriented to align with the 
superior mesenteric artery 110 when the stent-graft 300 is expanded against the aortic 
wall 115. 
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With the exception of its length (which is longer to accommodate the mesenteric 
aperture 314), the main body 302 may in general be constructed similar to the main 
body 202 discussed above. For example, the main body 302 may, for example, be 
formed from a shape memory alloy in a honeycomb shape having a number of 
interconnected wire loops, three of which form surrounding portions 318 which 
surround the renal apertures 312a and 312b and the mesenteric aperture 314. 

The renal apertures 312a and 312b may, for example, be configured and oriented 
similar to the renal apertures 212a and 212b discussed above. The characteristics of the 
mesenteric aperture 314 can vary. Typically, the mesenteric aperture 3 14 is as large as 
or larger than the orifice of the mesenteric artery. Suitable sizes of the mesenteric 
aperture 314 range from about 1 .2 to 1 .5 cm or more in diameter for many applications. 
The orientation of the mesenteric aperture 314 relative to the renal apertures 3 12a and 
3 12b can vary. Typically, the mesenteric aperture 3 14 is circumferentially located at an 
angle a (shown in Figure 3C) of about 50 to 75 degrees as measured from the center 
right renal aperture 312a and is longitudinally located a distance d2 (shown in Figure 
3B) with respect to the right renal aperture 3 1 2a of about 1 .0 to 1.5 cm. The use of a 
mesenteric aperture 314 which is larger than the mesenteric artery orifice provides 
tolerance by allowing for variable sizes and orientations of the mesenteric artery 1 10 
relative to the renal arteries 1 12a and 1 12b. 

The shape of the mesenteric aperture 314 can also vary and may, for example, be 
rectangular, circular, or ovular. In the example embodiment, the mesenteric aperture 
3 14 is ovular in shape and has a length in the longitudinal direction which is greater 
than a circumferential width. The length may range from about 1.8 to 2.0 cm and the 
width about 1 .5 to 1.8 cm. In other embodiments, the mesenteric aperture 314 may 
have a length in the longitudinal direction which is less than a circumferential width. 

Figures 4A-4C illustrate an exemplary stent-graft for bridging an abdominal 
aortic aneurysm in which the stent-graft is configured to be positioned against a portion 
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of the aortic wall above the renal, superior mesenteric, and celiac axis artery orifices. 
The example stent-graft 400 generally includes a main body 402 which bifurcates into a 
leg 404 and a stem 406 used to attach a mating leg 408 to the main body 402. The main 
body 402, in this case, is adapted for supra-celiac axis fixation and is configured to 
expand against portions of the aortic wall 115 above celiac axis artery 110. 

The main body 402 of the stent-graft 400, like the stent-graft 300 discussed 
above, includes a graft material 410 and a stent system 414 which define two renal 
apertures 412a and 412b each being alignable with a respective one of the renal arteries 
when the stent-graft 400 is expanded against the aortic wall 115 and a mesenteric 
aperture 414 which is oriented to align with the superior mesenteric artery 108 when the 
stent-graft 400 is expanded against the aortic wall 115. In this case, the main body 402 
further defines a celiac axis aperture 416 which is capable of aligning with the celiac 
axis artery 108 when the stent-graft 400 is expanded. With the exception of its length 
(which is longer to accommodate the celiac axis aperture 416), the main body 402 may 
in general be constructed similar to the main body 302 discussed above. 

The renal apertures 412a and 412b as well as the mesenteric aperture 414 may, 
for example, be configured and oriented similar to the renal apertures 3 12a and 3 12b 
and mesenteric apertures 314 discussed above. The characteristics of the celiac aperture 
416 can vary. Typically, the celiac aperture 416 is larger than the orifice of the celiac 
axis artery. Suitable sizes of the celiac aperture 416 range from about 1.2 to 1.5 cm or 
more in diameter for many applications. The orientation of the celiac aperture 416 
relative to the other apertures can vary as well. Typically, the celiac aperture 416 is 
circumferentially located at an angle y (shown in Figure 4C) of about 60 to 90 degrees 
as measured fi-om the right renal aperture 412a. Longitudinally, the celiac aperture 416 
is located a distance d3 (shown in Figure 4B) with respect to the right renal aperture 
412a of about 1.5 to 2.0 cm. 
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Like the apertures above, the shape of the celiac aperture 416 can vary. In the 
example embodiment, the celiac aperture 416 is ovular in shape and has a length in the 
longitudinal direction which is greater than a circumferential width. For example, the 
length may range from about 1 .8 to 2.0 cm and the width may range from about 1 .5 to 
1.8 cm in many applications. In other embodiments, the celiac aperture 416 may have a 
length in a longitudinal direction which is less than its width. While this embodiment 
illustrates the use of separate apertures for the celiac axis artery 108 and the superior 
mesenteric artery 1 10, in other embodiments, a single aperture may be formed to 
encompass both arteries 108 and 1 10. 

While the above embodiments illustrate stent-grafts having at least two apertures 
(e.g., for the renal arteries), the invention is not so limited. Stent-grafts having only one 
aperture for bridging a defect (e.g., an aneurysm) may be formed having proximal end 
portions configured to be positioned against a portion of a main vessel wall above only 
one branch artery. Single aperture stent-grafts may be used in a variety of 
circumstances including, for example, bridging abdominal aortic aneurysms where the 
right and left renal arteries are sufficiently offset to allow the use of one renal aperture 
without blocking the other artery. Moreover, while the example stent-grafts shown in 
Figures 2-4 illustrate the use of bifurcated distal portions, the invention is however not 
limited to any particular distal portion configuration. What is important is that the 
proximal portion of the stent-graft include apertures capable of aligning with visceral 
artery orifices such that the stent-graft may be used to bridge aneurysms having minimal 
or no proximal neck. 

Figure 5 and 6 illustrate two alternative distal portion configurations which may 
be used with the invention. These exemplary, alternative distal portion configurations 
are depicted with proximal portions designed for supra-celiac axis fixation. It is noted, 
however, that similar distal configurations may be used with each of the embodiments 
discussed above In Figure 5, there is illustrated a stent-graft 500 formed from a single 
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body 502 configured to secure the proximal part of the stent-grafl above the renal 
orifices and to secure the distal part of the stent-graft against a distal neck (e.g., between 
an aneurysm and the iliac bifurcation). The exemplary body 502 includes a graft 
material 504 supported by a stent system 506 which runs the length of the graft material 
504. The body 502 may, for example, be constructed similar to those described above 
(e.g., Dacron'^'^ supported by a nitinol wire mesh). Alternatively, the stent system 506 
may differ from the stent systems above. For instance, the stent system 506 may 
include a proximal stent system (e.g., nitinol wire mesh) supporting branch artery 
apertures and a distal stent system (e.g., a metal spring) connected to the proximal stent 
system through reinforcing bars. 

Figure 6 illustrates a stent-graft 600 having bifurcated distal portion with two 
mating legs 606. The stent-graft includes a main body 602 having two stems 604 for 
attaching the legs 606. The main body 602 may be constructed similar to those 
described above with the exception of its lower end which includes the two stems 604 
rather than a single stem and an attaching leg. The mating legs may, for example, each 
be constructed similar to the mating leg 208 discussed above. In the this embodiment, 
the stems 604 are typically sufficiently spaced from the lower aperture 612a to provide a 
segment 610 which may be used to retain part of the main body 602 within a sheath 
during deployment. Lengths of the segment 610 ranging, for example, from about 2 to 
3 cm would be suitable for many applications. 

Using the above grafts, defects such as abdominal aortic aneurysms may be 
more effectively bridged than compared to conventional techniques. In particular, by 
providing a graft which can be disposed against portions of the aortic wall above the 
renal arteries (and, if desired, above the superior mesenteric or celiac axis arteries), 
aortic aneurysms having minimal or no necks can, for example, be excluded without 
obstructing blood flow through the renal arteries. Additionally, by providing apertures 
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having areas as large as or larger than the respective branch artery orifices, positioning 
of the graft within an aorta is facilitated. 

It is stressed that the sizes, shapes and orientations of the various apertures 
discussed in the embodiments above are provided by way of example only and are not 
intended to limit the scope of the invention. Indeed, it is contemplated that a number of 
different grafts having apertures of different sizes, shapes and/or orientations will be 
made in order to accommodate variations in the size, shape and location of the renal, 
superior mesenteric and/or celiac axis orifices of different patients. 

Figures 7A-7D illustrate an exemplary process for bridging an abdominal aortic 
aneurysm having minimal or no neck. By way of example and not of limitation, the 
exemplary process will be illustrated using a stent-graft similar to that depicted in 
Figure 4A-4C above. A similar process may be employed to bridge abdominal aortic 
aneurysms using the other stent-grafts discussed above. 

Consistent with the exemplary process, a main body 700 of the stent-graft is 
inserted within the vascular system 704 in a contracted state and typically over a 
guidewire 705. This typically involves placing the main stent-graft body 700 within a 
sheath 706, introducing the sheath 706 and the main body 700 into the vascular system 
704 at an access site (not shown) and advancing the sheath 706 and main body 700 
through the vascular system 704 toward the abdominal aortic aneurysm 710. Figure 7A 
illustrates a view of the sheath 706 and main stent-graft body 700 within an iliac artery 
712 as it is advanced toward the abdominal aortic aneurysm 710. In the example 
embodiment, a balloon catheter is also disposed in the sheath 706 within the main stent- 
graft body 700. The balloon catheter will be used to partially expand the main stent- 
graft body 700 as will be discussed below. 

Optionally, prior to initial deployment of the main stent-graft body 700, the 
various visceral artery orifices may be marked to facilitate alignment of the main body 
700 with the orifices. Marking of the renal orifices may be performed by, for example, 
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placing a 0.014 to 0.018 inch platinum tip guide wire into each of the visceral arteries 
using well-known techniques. 

The main stent-graft body 700 is then advanced to the abdominal aortic 
aneurysm 710, as illustrated in Figure 7B. This typically includes preliminarily 
positioning the sheathed main body 700 within the aorta 708 such that each aperture 702 
approximately aligns with a respective one of the branch artery orifices 714-718. The 
main stent-graft body 700 may be positioned within the aorta 708 in a variety of 
manners, using a number of different imaging techniques including, for example, single- 
plane or bi-plane fluoroscopy and/or three dimensional imaging. 

Using fluoroscopy, for example, radiopaque aperture markers and a radiopaque 
aligning system (e.g., a 0-| aligning system) may be employed to axially and radially 
align the apertures 702 with the visceral orifices. Using this technique, an angiogram 
may first be developed to relate the visceral arteries to the spine or a radiopaque ruler. 
The alignment of the apertures 702 may then be related to the spine or ruler using the 
angiogram. 

Using three-dimensional imaging, the main stent-graft body 700 may be viewed 
from desired angles to position the main body 700. While an aligning system would not 
be necessary, radiopaque aperture makers may be used to facilitate alignment using 
three-dimensional imaging. With this technique, a three-dimensional imaging program 
using computed tomography (CT), such as 3DVirtuoso from Siemens AG, Medical 
Engineering, Computed Tomography, Forchheim Germany, Vitrea, from Vital Images, 
Inc., Minneapolis, MN, or GENavigator from GE Medical Systems may be used. 

The main stent-graft body 700 is then partially expanded and the positioning of 
the main stent-graft body 700 is adjusted, if needed, in order to align the apertures 702 
with the branch artery orifices 714-718. Figure 7C is a typical view of the main stent- 
graft body 700 when partially expanded. The marmer in which the main stent-graft 
body 700 is partially expanded varies with the shape-memory characteristics of stent 
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system used. For instance, using a main stent-graft body 700 having a stent-system 
with an AF temperature at or below body temperature, partial expansion may, for 
example, be performed by withdrawing the sheath 706 to expose the apertures and 
expanding the exposed section of the main stent-graft body 700 using a water-cooled 
balloon which maintains the stent-graft at a temperature below the AF temperature. In 
this manner, the balloon by virtue of the cool water (illustrated by arrows 740) prevents 
the exposed section of the main stent-graft body 700 from fiiUy expanding and, at the 
same time, forcibly expands the main stent-graft body 700 from its martensite shape. 

Positioning and alignment of the main stent-graft body 700 while partially 
expanded may, for example, be performed using, for example, single or bi-plane 
fluoroscopy or three dimensional imaging as discussed above. Advantageously, a lower 
section of the main stent-graft body 700 is kept within the sheath 706 to facilitate 
rotational alignment of the main stent-graft body 700 while partially expanded. 

The main stent-graft body 700 is then expanded to its expanded state such that 
the apertures 702 align with the visceral artery orifices 714-718 and the main stent-graft 
body 700 presses against the aortic wall. The main stent-graft body 700 may be 
expanded using a variety of techniques typically dependent on the shape memory 
characteristics of stent-graft used. With the a main stent-graft body having an AF 
temperature at or below body temperature, as discussed above, the main body 700 is 
typically expanded by withdrawing the cooled water and heating the stent system. The 
stent system may, for example, be heated by the patient body itself and/or using extemal 
heating means (e.g., an electrical current). 

After expanding the exposed section of main stent-graft body 700 against the 
aortic wall, a final inspection may be performed using, for example, fluoroscopy or 
three dimensional imaging, to insure proper location of the exposed part of the main 
stent-graft body 700. Should the main stent-graft body 700 need repositioning, the main 
stent-graft body 700 may be contracted and repositioning until proper positioning of the 
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main stent-graft body 700 is achieved. For example, using a two-way shape memory 
stent system, contraction of the main stent-graft body 700 may simply be accomplished 
by cooling the stent system (e.g., by flowing cool water through the balloon) below its 
MS temperature to suitably contract the main stent-graft body 700. Using a one-way, 
shape memory stent system, contraction may, for example, be accomplished by cooling 
and resheathing the exposed section of the main stent-graft body 700. In both cases, the 
exposed stent-graft section may be sheathed while cooHng to insulate the patient's body 
from the effects of the cooling. Repositioning after contraction may be performed by as 
discussed above. 

Once the exposed section of the main stent-graft body 700 is properly 
positioned, the remaining, sheathed section of the main stent-graft body 700 is then 
exposed and fiilly expanded, for example, by body heat and/or external heating means. 
The mating leg 730 then attached to the main body 700 of the stent graft. Typically, 
this includes sheathing the leg and advancing the sheathed leg into a stem 732 of the 
main body 700. The sheath is then withdrawn and the leg 730 expanded against the 
stem 732 for retention. Figure 7D illustrates a typical position of the stent-graft after 
full deployment. In particular, the main stent-graft body 700 presses against portions 
724 and 726 of the aortic wall above the two renal artery orifices 714 (and in this case, 
above the superior mesenteric and celiac axis orifices 716 and 718) and the apertures 
702 of the main stent-graft body 700 are positioned so that the branch artery orifices 
714-718 typically lie within the apertures 702. Advantageously, the proximal end 722 
of the main stent-graft body 700 sealingly engages the aortic wall without need of an 
aneurysm neck (i.e., patent portions of the aortic wall between the renal artery orifices 
714 and the aneurysm 710), while portions of the stent system surrounding the apertures 
702 provide adequate sealing around the branch artery orifices 714-718. 

As noted above, partial expansion and ftiU expansion of the main stent-graft 
body 700 can vary with the type of stent system used. Using, for example, a main stent- 
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graft body 700 having a stent-system with an AF temperature greater than body 
temperature (e.g. about 48°C), partial expansion of the main stent-graft body 700 can be 
performed by partially withdrawing the sheath 706 and heating the stent system to a 
temperature between its AS and AF temperatures, thereby partial expanding the stent 
system through partial recovery of its austenite form. The heating may be performed 
using body heat alone or external means depending on the AS temperature of the stent 
system. For example, if the AS temperature is below body temperature, body heat alone 
may be used. If the AS temperature is above body temperature, some external heating 
is used. 

The main stent-graft body 700 may then be ftilly expanded to its expanded state 
by heating the stent-graft through its AF temperature. This may, for example, be done 
using, for example, known external heating means. In this case, it is noted that the 
temperature of the main stent-graft body 700 will retreat to body temperature after 
removal of the external heat. However, the main stent-graft body 700 can remain in its 
expanded (e.g., austenite ) state rather than transform to a contracted (e.g., martensite) 
state due to, for example, transformation hysteris. 

Using the above process, a graft for bridging an abdominal aortic aneurysm can 
be efficiently positioned above the renal arteries (and if desired, above the celiac axis or 
superior mesenteric arteries) without obstructing the blood flow through the arteries. 
The realignment of the apertures is particularly beneficial when aligning grafts having 
apertures for two or more vessels, such as grafts which have renal apertures and 
apertures for the mesenteric and/or celiac arteries. 

Figure 8 is a flow chart illustrating an exemplary process for making a 
customized stent-graft for bridging a defect (e.g., an aneurysm) disposed in a main 
vessel near one or more branch vessels extending from the main vessel. In accordance 
with this process, a three dimensional image of interior of the main vessel near the one 
or more branch vessels is developed prior to forming the stent-graft, as illustrated at 
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block 802. This typically involve using three dimensional imaging to reconstruct the 
interior portion of the main vessel, including the location and size of each of the one or 
more branch vessels. Three dimensional reconstruction may by performed by exposing 
the relevant section of the main vessel and constructing a three dimensional image of 
the vessel section using the exposed images. This may be performed using, for 
example, a CT scanner and three dimensional imaging system, such as SDVirtuoso, 
Vitea, or GENavigator. 

Using the three dimensional image, a customized stent-graft is formed, as 
indicated in block 804. The customized stent-graft generally includes one or more 
apertures each disposed on the stent-graft such that it aligns with a corresponding one or 
more of the branch vessels. The customized stent-graft can be formed using the three- 
dimensional reconstruction using a number of different techniques. For example, the 
3D reconstruction may be translated to a CAD program which in turn is used to 
manufacture the graft. This translation may, for example, be done using the CT- 
Modeller System from Materialise N.V., Belgium. 

Using the above process, a stent-graft for bridging a defect, such as an 
abdominal aortic aneurysm having minimal or no proximal neck, may be customized to 
the patient. In particular, the apertures in stent-graft for renal arteries (and if desired, 
apertures for the mesenteric and/or celiac arteries) may be customizably formed in the 
graft material of the stent-graft using a three dimensional reconstruction of the interior 
of the aorta around the renal arteries (and in the optional cases the mesenteric and celiac 
arteries). A customized stent-graft may be particularly advantageous when it is desired 
to bridge an abdominal aortic aneurysm of a patient having an abnormal aortic profile 
(e.g., abnormal size or orientation of branch vessels, more than two renal arteries, etc.). 

As noted above, the present invention is generally directed to grafts for bridging 
defects in main vessels near one or more branch vessels. The type of defect as well as 
the vessel in which the defect resides can vary. Accordingly, the present invention 




should not be considered limited to the particular examples described above, but rather 
should be understood to cover all aspects of the invention as fairly set out in the 
attached claims. Various modifications, equivalent processes, as well as numerous 
structures to which the conventional invention may be applicable will be readily 
apparent to those of skill in the art to which the present invention is directed upon 
review of the present specification. The claims are intended to cover such modifications 
and devices. 
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